Over the past decade, there have been many published methodologies to calculate carbon dioxide (CO2) storage that vary from volumetric assessments of pore volume to rigorous statistical representation of geologic heterogeneity with CO2-brine displacement efficiency. Many methods include a direct scientific or engineering calculation to estimate storage, rather than on the uncertainty in the estimate based on quantity and quality of data and the types of data available. The application of these methods to the same geologic formation may yield differences in the estimate by 2-5 orders of magnitude.
As more data is collected for a potential or operating CO2 storage formation, the uncertainty range of the estimates normally reduces. A site with active CO2 injection will generally have storage estimates with the highest degree of certainty based on historical injection performance compared to a CO2 storage estimate of a site without a well or injection. Consequently, the maturity of the project is an important part of the certainty in a specific estimate.
A qualitative method that classifies estimates based on data available and project maturity could give assurance to stakeholders. From a "full-chain" carbon capture and storage (CCS) project development perspective, industry, investors, regulators, and other stakeholders want to know that these estimates are attainable via real wells and real quantities of CO2 and are not a high-level pore volume assessment. Though there are several published classification systems, there is currently no broadly accepted method for classifying storage estimates in terms of the geologic uncertainty and project or development uncertainty.
The petroleum industry has faced similar challenges. Over the decades, it has developed and widely adopted a Petroleum Resources Management System (PRMS) for classification of subsurface petroleum accumulations. This classification system clearly labels the certainty of the quantification of underground accumulation of petroleum that includes the relative certainty that the project is commercially viable and projected to proceed. For example, the PRMS differentiates between an oil accumulation that is assessed with very limited data as "exploratory or undiscovered" compared to more rigorous assessment of a "discovered" oil accumulation that is being actively developed and produced. This system also gives confidence levels within the highest level of classification estimates-proved, probable, and possible.
However, there are differences between CO2 storage estimates and petroleum accumulation estimates. Petroleum accumulations are localized and have an initial estimate of the petroleum in place. However, CO2 storage may be more broadly available based on the presence of porous and permeable rocks throughout a sedimentary basin that may be within a geologic structure or on regional dip.
The Society of Petroleum Engineers CCS Technical Section has formed a multi-society subcommittee to develop a unified classification system for CO2 storage estimates-the Storage Resources Management System (SRMS). This subcommittee has been tasked to develop a classification system that aims to provide the CCS community with a standardized storage resources classification, which provides all stakeholders with a system for comparing and contrasting CO2 storage estimates based on project and geologic certainty.
Currently, the subcommittee plans to align the SRMS classification with that of the PRMS, so that analogs to the three PRMS classification of petroleum reserves, contingent resources, and prospective resources are identified. Though beyond the scope of this subcommittee, once a unified classification system is developed, a concerted effort to classify existing CO2 storage estimates into the SRMS methodology will be possible. Consequently, local and regional estimates of storage could then be combined to create a global estimate for a given classification. Ultimately, the SRMS will allow all stakeholders to have a pragmatic and informed assessment of the CO2 storage available within the bounds of subsurface variability and uncertainty, which will remove a challenge to commercialization of CO2 storage.
Introduction: motivation for the Storage Resources Management System/recognition of previous publications
Carbon capture and storage (CCS) proponents are regularly asked by policy makers, "How much carbon dioxide (CO2) storage is available, is there enough for my city, my region, my country or even the world?" Developers of CCS projects are asked a slightly different question by financial institutes: "Do you have enough storage for 'this' project?" Managers and financiers of storage appraisal efforts ask yet another question: "If I invest in a resource appraisal will it mature the storage resource, will the investment reduce uncertainty and how will the effectiveness of the investment be tracked?" These questions are subtly different. The first question is comparative and seeks to look at a combination of storage sites, whereas the second relates to the inherent uncertainty in a specific storage site. The final question relates to the value of exploration and appraisal activities.
Within the oil industry, these questions are very familiar. Companies are required to report their total petroleum reserves to stock exchanges; investors look at the proved, probable, and possible reserves in a project; and managers' focus on developing/maturing petroleum projects from exploration with prospective resources, through contingent resources, and finally to reserves. This is the essence of the Petroleum Resources Management System, or PRMS.
The advantages of having a globally accepted and common classification framework are significant and selfevident. The authors also recognize a significant advantage in being able to draw comparisons between petroleum development and CO2 storage resource development. Both activities rely upon geoscientific and engineering expert assessments of fluid flow predictions under geological uncertainty. Experience with CCS projects to date has shown that there is a need for a classification system because most companies that emit CO2 have business models that historically do not employ staff who are experienced in subsurface resource assessment. As a result, storage quantity estimates without associated uncertainty quantified and classified, could lead to uninformed, and possibly poor, investment or no investment at all. The petroleum industry solved the above challenges through the development of a classification system that effectively quantified and defined what is discovered (Commercial and Sub-Commercial) and what is undiscovered. Financiers employ specialist teams who have experience in petroleum engineering and petroleum geology and who advise on uncertainty. All parties are then able to make investment decisions based on subsurface uncertainty with, ideally, the optimal balance between appraisal expenditure, uncertainty, and return on total investment. One important aim of the Storage Resources Management System (SRMS) is to exploit the parallel between CO2 storage and petroleum extraction to allow the same stakeholders familiar with PRMS to draw upon their existing expertise bases.
The primary difference is that the PRMS was developed following decades of the financial and petroleum industries applying and testing a petroleum classification system. Though a SRMS is desirable a priori, having no established CO2 storage industry, it is beneficial to have a very strong alignment with the PRMS.
The MidCarb project (2003) is one of the earliest studies that identified the need for a standardization for estimating and classifying CO2 storage. Before the US Department of Energy (DOE) Regional Carbon Sequestration Partnerships (RCSPs), MidCarb, a DOE-funded project, was a consortium of Illinois, Indiana, Kansas, Kentucky, and Ohio that developed several methods to calculate CO2 storage. The methods varied from a complete brine pore volume replacement with CO2 to a complete CO2-saturated brine estimate (without brine displacement). Specific issues were storage within geologic structures versus storage on regional dip. Within the consortium, it was recognized that a standard methodology was required. In 2005, Frailey proposed the concept of a PRMS-based classification system during a presentation at the Fourth Annual Conferences on Carbon Capture and Storage titled "CO2 Sequestration Capacity Classification." To the author's knowledge, this was the first recognition of the need to classify CO2 storage estimates based on certainty of data availability and project maturity.
Current CO2 storage estimates
A few years ago, one of the authors attempted to assess the worldwide CO2 storage based on published estimates. Since the 2005 Intergovernmental Panel on Climate Change (IPCC) report [1] , there have been no published attempts to estimate worldwide storage. Consequently, a study was undertaken to update this report based on more recent published estimates of storage. However, almost all estimates were found to be analyzed differently. For example, storage estimates made as part of an exploration program (site screening) were conflated with estimates from fully appraised storage sites, a few published estimates included uncertainty ranges, and many did not consider physical constraints (e.g., caprock integrity).
It was found to be impossible to compare estimates made from different methods and different assessors (authors). There were cases where multiple methods were applied using different criteria to the same formation leading to a wide range of estimates. A professional experienced in resource assessments would recognize that the estimates pertain to different levels of maturity of resource estimation (appraisal) and also different levels of geological confidence, but to other professionals it may appear as disagreement or inconsistency in methodology.
In 2015, the Global CCS Institute undertook a review of storage estimates and found that while reliable methodologies to determine and classify regional storage resources were available and had been widely applied, there was no formally recognized international standard. They also found that the level of resource assessment undertaken was highly variable across regions [2] . For these reasons they were unable to combine different estimates, although the estimates did show that there is no shortage of CO2 storage in the regions that were thoroughly assessed.
The SRMS is intended to provide the basis for regional and world-wide CO2 storage estimates using standardized terms, definitions, and methodologies.
Previously published storage classification systems
A number of authors and institutes have recommended systems based on the SPE PRMS. These include the Cooperative Research Centre for Greenhouse Gas Technologies (CO2CRC; Kaldi and Gibson-Poole [3] ), International Energy Agency Greenhouse Gas R&D Programme [4] (Gorecki et al. [5] ), Frailey and Finley [6] , Allinson et al. [7] , Rodosta et al. [8] , and Liu et al. [9] . The Carbon Sequestration Leadership Forum (CSLF) has adopted a techno-economic resource pyramid approach [10] published in 2007. Many of these classification systems are directly or indirectly related to the PRMS classification system. The United Nations Economic Commission for Europe (UNECE) has created an overarching classification system for fossil energy and mineral reserves and has also created a bridge document that applies this system to geological storage of CO2. The document was recently approved by the UNECE Committee on Sustainable Energy. The UNECE's classification system [11] for petroleum resources mapped a three-axis system onto the PRMS. The SRMS subcommittee is working with the UNECE task force on injection projects to apply the same approach to the SRMS in order to maintain the consistency of both systems. Liu et al. [9] presented a summary of proposed systems in 2014.
The path to a global resources management system
Though there are several published classification systems, no system has been adopted globally. This is similar to the challenge faced by the petroleum industry before the creation and adoption of the PRMS.
Developing a SRMS within the structure of an international professional society with an analogous resources management system that is time-tested and accepted by a related extraction industry, financial sector, and government is a very promising approach to the successful development of a SRMS. The SRMS subcommittee is composed of many of the authors of previous systems and is drawing upon the experience of the SRMS subcommittee members with PRMS experience. The process includes the review of sister societies (e.g., American Association of Petroleum Geologists [AAPG] and SPEE) and the public.
Background: PRMS, a very high level overview
A complete classification system for petroleum (oil and gas) accumulations has existed since 2000, which was endorsed by the International Society of Petroleum Engineers (SPE), American Association of Petroleum Geologists (AAPG) and World Petroleum Council (WPC). (Reserves, the highest level of certainty of the petroleum classification system, have been defined since 1987 by the SPE.) A formal resources management system was developed in 2007 by the SPE, AAPG, WPC, and Society of Petroleum Evaluation Engineers (SPEE), based on the demand of oil companies to provide a consistent standard that provided a common basis for company assets to be compared and assessed. An update is planned for 2017.
In the PRMS there is one overall term, the total petroleum initially-in-place (PIIP), which has two major divisions: Undiscovered PIIP and Discovered PIIP. Generally, Undiscovered means no wellbore penetration to assess directly the presence of petroleum. Discovered means that the petroleum accumulation is known to exist via a wellbore penetration. Discovered has two further divisions: Sub-Commercial and Commercial.
There are three major classifications that indicate varying degrees of certainty in a specific estimate of the quantity of petroleum that can be produced and the status of a specific project that would produce the petroleum. In order of certainty and project maturity, the classifications are Prospective Resources, Contingent Resources, and Reserves.
Prospective Resources is the classification used for the Undiscovered Petroleum. Contingent Resources and Reserves are both Discovered Petroleum. Contingent Resources are considered Sub-Commercial and Reserves are considered Commercial.
Each classification has three subclasses indicative of the project maturity, which will produce the quantity of petroleum assessed. Furthermore, each classification has three estimates of the PIIP indicative of the certainty of the estimate, which are typically based on probability, e.g., 90%, 50%, and 10% (P90, P50, and P10).
Framework of the SRMS

Process and committee
Within the SPE, a carbon capture, utilization, and storage (CCUS) Technical Session has been active for 3 years discussing CO2 storage-related topics, including promoting workshops and conferences. In mid-2016, a subcommittee was formed to develop a CO2 storage classification system based on the PRMS. Members of the SRMS subcommittee represent those with expertise in PRMS and CO2 storage. Several members with CO2 storage have been involved with published CO2 storage classification systems. Because the PRMS is time-tested and widely accepted, and many of the previously published classification systems were based on the PRMS, the PRMS was chosen as the seed document by the SRMS subcommittee. A draft SRMS is planned for public review in early 2017.
The SRMS has taken the framework of the PRMS as a starting point. Consequently the planned work is identifying analogous terms for direct substitution, e.g., injection and production, storable and recoverable, and petroleum extraction-related topics that may have no application to CO2 storage (and vice versa). The committee is working in small groups on each of the five chapters of the SRMS. Though the SRMS is completely focused on storage in brine saturated formations, i.e., saline reservoirs, the SRMS subcommittee has committed to developing a classification system applicable to CO2 storage in oil reservoirs with active CO2 injection for the purpose of enhanced oil recovery.
Basic principles and definitions
This section of the PRMS outlines the general classification system and starts with a concise definition of resource. It defines all the terms, such as recoverable and unrecoverable resources, reserves, and contingent resources.
The new formal names are a challenge not to be underestimated. Most of the authors of storage resource classification systems have adopted different terminology for the storage equivalents of Reserves, Contingent Resources, and Prospective Resources used in the PRMS. The committee has been tasked by the SPE Board to follow the PRMS, but the names proposed should not add unintentional confusion.
Another challenge that has been highlighted to the SRMS sub-committee by the Oil and Gas Climate Initiative (OGCI) is the difference between maturing resources at a regional level, such as the evaluations that have taken place in the United Kingdom under the CO2 Stored project (www.co2stored.co.uk/) and the project level maturation that more closely follows the standard petroleum maturation process. The PRMS is specifically centered on "project-based resource evaluation," but the global community needs to be able to categorize both project-based evaluations and regional evaluations.
Classification and categorization
The purpose of the classification and categorization chapter of the PRMS is to provide guidelines for determining the most appropriate classification for a given estimate of PIIP, including the quantity that can be produced. The primary parts of this chapter are the (1) resources classification, (2) resources categorization, and (3) incremental projects. The resources classification discusses determination of (a) the discovery status, (b) commerciality, (c) project status and commercial risk, and (d) project maturity, which is used to classify uniquely specific PIIP estimates using the PRMS.
Resources categorization includes uncertainty and definitions of the different categories within each classification. For example, in the PRMS, a specific volumetric petroleum reserve estimate is further categorized as proved, probable, and possible based on the degree of certainty, which is quantified as 90%, 50%, and 10% probability, respectively. The "best" estimate is considered the estimate with 50% probability.
Incremental projects with the purpose to increase petroleum recovery from a specific project, e.g., workovers of wells to increase injection or the use of additional petroleum production wells or brine injection wells, are described. Guidelines are provided on the mechanisms and processes in which petroleum recovery efficiency can be enhanced, and specific outcomes would determine the classification of the quantity of increased petroleum recovery.
The chapter of the SRMS on classification and categorization will be nearly identical to the one in the PRMS. Carbon dioxide storage efficiency and petroleum recovery efficiency are very similar in concept and in calculation.
Evaluation and reporting
In order to assess projects and provide reserves reporting on a consistent basis, the PRMS document offers procedures covering commercial evaluation, production measurement, and resource entitlement recognition. When evaluating commerciality, the decisions are based on conditions that may impact the cash flow of the project. All assumptions are to be clearly detailed. The cash flow is to be discounted and summed to yield the net present value of the project, which considers all project factors and alternative development scenarios impacting the expected production volume and its value as well as the capital and operating costs over the project's expected life.
Determining the reserves attributable to a specific project is a key component of valuing the production volumes within the PRMS. Projects designate a production reference (sales) point, where all measurements are made, and net out lost production because of lease fuel use, re-injection, and impurities. Furthermore, production recognition through royalty payments and production-sharing contracts through the contract agreement date are removed from the reserve values.
When a CO2 storage project is considered, the framework of evaluating and reporting will be largely the same. The project will be assessed on its relative commerciality, and will consider an injection stream and the concomitant constituents' impact on the project. These impacts include a shift in the name of the measurement reference point from a project exit point (sales) to a project delivery position. All impurities should be netted out, but there will be no consideration made for lease fuel use or re-injection as with petroleum production projects. There may be added consideration for brine extraction in coordination with the storage project, should CO2 be produced in association with brine extraction used to enhance storage efficiency. Additionally, royalty or storage sharing contracts and their impacts on the reportable storage estimates may be similar to petroleum extraction projects, although pore space access rights are not well developed around the world.
Estimating storable quantities
Once the project is classified and its maturity level determined, the recoverable petroleum resources can be assessed. There are a number of analytical methods that are appropriate for estimating the remaining recoverable petroleum resources. These, in increasing order of data availability, are analogies, volumetric estimates, and performance-based estimates. Analogs, which are widely used, are comparative reviews to similar projects, geologically and operationally, whereas volumetric estimates of PIIP are calculated through the use of recovery efficiency factors. Performance-based techniques cover material balance methods (pressure based) and production decline analysis.
For each of these analytical methods, the desired result is either deterministic (a single value) or probabilistic (a range of recoverable resource based on the relative uncertainty of the project). These results are either arithmetically summed by category or their uncertainty distributions statistically aggregated.
When considering CO2 storage, the estimate may be made using the same methods. Currently, most storage estimates are based on volumetric calculations, which are framed in terms of storage efficiency factors. Certainly, when commercial applications of CCS are ongoing, analogies should be appropriate to use. A minor consideration may be given to the use of numerical simulation methods in lieu of material balance and injection rate analysis, because of a maximum pressure threshold controlling the overall injection life within the storage project. Aggregation of these estimates should be conducted similar to those set forth in the PRMS.
Expected outcomes/conclusions
The SRMS subcommittee aims to create a storage classification system that is based on an analogous industry's classification system, which has been used and applied for decades. This will create the foundation upon which regional policy in relation to storage appraisals can be built and where choices around CO2 emission reduction pathways can be made. It will reduce project and financial uncertainty, contribute to a CO2 storage business model for companies to finance these projects and, possibly, accelerate the deployment of a worldwide CO2 storage industry. As such, it will be key to develop negative emission technologies and to move towards net-zero emissions as rapidly as possible.
